Dysregulated Protein Arginine Deiminase (PAD) activity contributes to a number of human pathologies, including Rheumatoid Arthritis (RA), colitis, and cancer, thus highlighting the importance of designing inhibitors for these enzymes. 1 In humans, there are five PAD isozymes (PADs 1-4 and 6) that catalyze the posttranslational conversion of peptidyl-arginine to peptidylcitrulline in numerous protein substrates. 2 However, their individual contributions to human disease are unknown, although PADs 2 and 4 are strongly associated with these pathologies. 1b We recently described the design and synthesis of two highly potent PAD inhibitors, i.e., F-and Cl-amidine, 4 which have been important chemical tools in discerning the physiological role of PAD4. 4b,c,5 These compounds are mechanism-based inactivators that covalently modify an active site Cys in PAD4 that is critical for catalysis. 6 However, these compounds are pan PAD inhibitors because Cl-amidine, and to a lesser extent F-amidine inhibit all of the active PAD isozymes with similar potency. 3 Thus, the identification of PAD-selective inhibitors remains of paramount importance; such compounds will allow us to discern the individual contributions of PAD isozymes to both normal human physiology and disease.
To identify PAD-selective inhibitors, we set out to develop an efficient high-throughput screening (HTS) assay. Previously, we described a gel-based assay that relies on competition between compounds from a library and a PAD specific Activity Based Protein Profiling (ABPP) reagent termed rhodamine-conjugated F-amidine (RFA).
7 RFA is composed of a mechanism-based PAD inhibitor (i.e., F-amidine) and a fluorophore (Fig. 1) . 8 This gel-based assay can visibly track the enzyme's activity and overcomes many of the limitations of preceding PAD assays (i.e., the use of toxic compounds, high temperatures, and strong acids). Although useful for screening small compound libraries, this assay requires 1-D SDS-PAGE gels and is consequently not compatible with large compound libraries (i.e., >1000).
Based on our recent work with ABPP probes targeting serine hydrolases, 9 we surmised that our gel-based assay could be converted into an HTS-amenable format that monitors the changes in fluorescence polarization (fluopol) that occur when RFA binds to PAD4. As fluorescent molecules are excited with plane polarized light, the RFA-PAD4 complex will rotate slowly and therefore emit highly polarized light. In contrast, free RFA rotates more quickly and emits depolarized light. If an inhibitor is bound to PAD4, it will prevent RFA from binding, resulting in a lower fluopol signal (Fig. 1) .
To develop this HTS assay, titrations of the ABPP probe RFA and PAD4 were initially performed to identify the conditions needed for a strong, time-dependent increase in fluopol (Fig. S1z) . The fluopol of the reaction between RFA and either wtPAD4, the PAD4C645A mutant (a catalytically deficient PAD4 mutant in which the active site Cys is replaced by an Ala), or no enzyme, was measured over a range of time (0-1440 min) to identify the proper assay conditions that would yield an adequate Z 0 factor (>0.5). After 300 min of incubation under the assay conditions (i.e., 2 mM PAD4, 75 nM RFA), we identified a robust Z 0 value of 0.73. These kinetically controlled conditions allow for the identification of both reversible and irreversible PAD4 inhibitors. As expected, no labeling of the mutant PAD4 enzyme was observed, and gratifyingly the fluopol values were comparable to the wells without enzyme. Therefore, we used no enzyme as a positive control.
Using these assay conditions, we screened 2000 compounds (5 mM final) from the NIH Validation Set at The Scripps Research Institute in La Jolla, CA (Pubchem AID 463073). To determine the high and low boundaries for FP signals, we included negative control reactions (no compounds) and positive control reactions (without PAD4) on each plate, respectively. This HTS identified 10 compounds that demonstrated greater than 30% inhibition of PAD4 (Table 1 ; Fig. 2 and Fig. S2z ). Unfortunately, three of these are no longer commercially available, i.e., NIH1, 2, and 10. Of the remainder, their ability to inhibit PAD4 was validated using the gel-based ABPP assay described above ( Fig. 2b and Table 1 ). It is noteworthy that one of the compounds identified in the screen was tosyl phenylalanyl chloromethyl ketone (TPCK; NIH5), which is an inhibitor of cysteine proteases. Cysteine proteases, like the PADs, possess a Cys-His dyad in their active site that is critical for catalysis and this compound likely inactivates PAD4 via a similar mechanism. However, this compound proved to be one of the weakest inhibitors in the secondary gel-based ABBP-based screen.
In contrast, the largest decrease in fluorescence intensity was observed with the antitumor antibiotic streptonigrin (compound NIH6; NIH #11532976), thus quickly focusing our efforts on this compound. Streptonigrin is a metabolite produced by Streptomyces flocculus, and belongs to a group of aminoquinone-containing antitumor agents that inhibit DNA replication, interfere with cellular respiration, and disrupt cell replication. 10 The antitumor activity of this compound has been described for numerous types of cancers, including breast, melanoma, lung, and lymphoma.
11
Further examination of the inhibitory properties of streptonigrin demonstrated that this compound exhibits an IC 50 value of 1.87 AE 0.24 mM for PAD4. This led us to determine the mechanism by which streptonigrin inhibits PAD4. For these experiments, streptonigrin was incubated with PAD4 for 30 min, after which the reaction was dialyzed overnight (B20 h) and residual PAD4 activity was then measured. The fact that no PAD4 activity was recovered indicates that streptonigrin is an irreversible PAD4 inhibitor (Fig. S3az) . Notably, substrate could protect against inactivation (Fig. S4z) , thereby indicating that inactivation is due to the preferential modification of an active site residue in PAD4, most likely, Cys645.
Given that MS experiments could not identify the specific residue modified by this compound, it is difficult to speculate on the specific mechanism of inactivation. Nonetheless, streptonigrin is known to generate reactive oxygen species in the presence of Zn 2+ or Cu
2+
, as well as a suitable reductant (e.g., NADH); 10a thus, an oxidative mechanism is possible. However, NADH is not present in the assay buffer and both metal ions are at trace levels in our assays.
2 Furthermore, little to no inter-isozyme selectivity would be expected for the oxidative inactivation of PAD4. Thus, inactivation most likely proceeds via nucleophilic attack on the quininoid ring system of streptonigrin; the two carbons ortho to the carbonyls are potential Michael acceptors. Collapse of the intermediate, and subsequent protonation of the ring, would undoubtedly lead to the formation of a stable adduct.
To further characterize the mechanism of inhibition, we next examined the time and concentration dependence of streptonigrininduced PAD4 inactivation. The results of the experiments are consistent with a two-step mechanism of inactivation (Fig. S3z) . The k inact /K I is more than 33-fold higher than Cl-amidine.
We then examined inter-isozyme selectivity trends (Table 2 ). Based on the IC 50 values for PADs 1, 2, and 3 (Table 2) these data suggest that streptonigrin inhibits PADs 3 and 4 over PADs 1 and 2 with >10-fold selectivity. However, IC 50 values are dependent on the substrate concentration and the relative affinity of an enzyme for that substrate. Therefore, we determined k inact /K I values to more accurately assess the selectivity of this compound ( Table 2) . The values are at least 35-fold lower than the value observed for PAD4; these data indicate that streptonigrin is a PAD4-selective inhibitor. The discrepancy between the IC 50 value obtained for PAD3 and the k inact /K I is attributable to the fact that BAEE is a very poor PAD3 substrate. 3 Given that the PADs are highly homologous, we reasoned that one or more of the compounds identified in the screen might also preferentially inhibit a different PAD isozyme. To test this possibility, we used our standard PAD substrate assay to determine the percent inhibition at a single fixed concentration of each inhibitor (Fig. S5z) . Interestingly, most of these compounds are relatively weak inhibitors, and some even activated the enzymes by B2-fold. However, as this effect was relatively small, we felt that further investigations of this phenomenon were unwarranted. Note that in this assay streptonigrin showed a trend similar to the IC 50 values stated above for PADs 1, 2, and 3, thereby validating the results of this method to examine inter-isozyme selectivity trends.
Finally, the ability of streptonigrin to inhibit in cellulo PAD4 activity was evaluated by determining whether streptonigrin could decrease histone H3 citrullination in MCF-7 and HL-60 granulocytes. PAD4 is known to deiminate histone H3 in these cell lines in response to estrogen and LPS, respectively.
12 Western blots using an anti-citrulline histone H3 antibody showed that as little as 1 nM of streptonigrin reduced the levels of citrullinated histone H3 in both HL-60 granulocytes and MCF7 cells (Fig. 3) . As a control, the levels of citrullinated histone H3 were measured in the presence of Cl-amidine (10 mM final). These data indicate that streptonigrin inhibits PAD4 activity in cellulo. Relative to Cl-amidine, the high in cellulo potency likely reflects the fact that streptonigrin (i) is 33-fold more potent than Cl-amidine; and (ii) likely has greater bioavailability due to the fact that Cl-amidine is positively charged and highly hydrophilic, which would be expected to limit its cell permeability.
In summary, we have developed a fluopol-ABPP HTS assay to identify PAD inhibitors. This screen quickly identified 10 PAD inhibitors from a library of 2000 compounds. This list was reduced to only one compound by using a number of secondary screens, including our previously described gelbased ABPP assay. 7a These studies also demonstrated that streptonigrin is a potent and selective PAD4 inhibitor. Given the known antitumor activity of this compound, it is interesting to speculate that the pharmacological effects of streptonigrin are due, at least in part, to its ability to inhibit PAD4 activity. This seems plausible when one considers the fact that PAD4 is overexpressed in numerous tumor types 13 and we have shown that PAD4 inhibition triggers apoptosis of several different cancer cell lines. 5a However, streptonigrin is unlikely to represent either a useful PAD4 probe or a therapeutic, as this compound is known to exhibit pleiotropic effects on a number of cellular processes, including DNA replication, cellular respiration, and cellular replication. Additionally, this compound possesses a number of less than desirable side effects, including nausea, diarrhoea, hair loss, bone marrow depression, and high toxicity that have limited its use as a cancer therapy. 14 Nonetheless, these studies demonstrate the power of fluopol-ABPP to identify PAD-selective inhibitors, the discovery of which provides valuable information (i.e., novel chemical scaffolds) for the design of more potent PAD4 inhibitors. In the future, we plan to utilize this assay to screen PAD4 against larger compound libraries, and to adapt this assay to identify inhibitors of PADs 1, 2, and 3.
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